Norepinephrine secretion from central neurons was widely assumed to occur by exocytosis, but the essential characteristics of this process remained unknown. We developed an approach to study it directly by amperometry using carbon fiber microelectrodes in organotypic rat brainstem slice cultures. Noradrenergic neurons from areas A1 and A2 were fluorescently labeled by an adenoviral vector with noradrenergic-specific promoter. Quantal events, consistent with exocytotic release of norepinephrine, were registered at noradrenergic axonal varicosities as well as at cell bodies. According to their charge integrals, events were grouped into two populations. The majority (ϳ40 fC) were compatible with full exocytotic fusion of small clear and dense core vesicles shown in previous morphometric studies. The quantal size distribution was modulated by treatment with reserpine and amitriptyline. In addition, much larger quantal events (>1 pC) occurred at predominantly axonal release sites. The time course of signals was severalfold faster than in adrenal chromaffin cells, suggesting profound differences in the release machinery between these cell types. Tetrodotoxin eliminated the majority of events, indicating that release was partially, but not entirely, action potential driven. In conclusion, central norepinephrine release has unique characteristics, distinguishing it from those of other monoaminergic cells in periphery and brain.-Chiti, Z., Teschemacher, A. G. Exocytosis of norepinephrine at axon varicosities and neuronal cell bodies in the rat brain. FASEB J. 21, 2540 -2550 (2007) 
Norepinephrine (NE) in the brain is involved in the regulation of a wide variety of vital central nervous processes ranging from appetite and blood pressure control (1) to opiate addiction (2) . Numerous drugs, for example antidepressants and centrally acting antihypertensive drugs, act via modulation of NE release in the brain (3) .
Despite the fundamental role of NE in brain function, the mechanisms of its release are poorly understood. Although NE secretion was assumed to occur via vesicle exocytosis, this had not been directly demonstrated and many important characteristics of central NE release, such as kinetics of quantal events, remained unknown. Furthermore, whereas multiple NE-containing vesicle populations have been described by electron microscopical (EM) studies, their roles in NE release are currently not understood (4 -7) . Another unresolved issue is the distribution of release sites within noradrenergic (NEergic) neurons, a key determinant of the functional impact of secreted NE. Release from varicosities will activate receptors in distant axonal target areas such as the spinal cord, hypothalamus, or cortex, while somato-dendritic release would affect predominantly the excitability of NEergic cell bodies in an autocrine fashion. There are several lines of evidence that all suggest that NE release may occur in the proximity of NEergic somata (7, 8) . However, the presence of recurrent axonal collaterals in these areas precluded a conclusive proof of somato-dendritic NE release. In contrast, the molecular processes underlying catecholamine exocytosis in peripheral models, such as adrenal chromaffin cells are well established. For example, quantal as well as vesicle sizes and temporal characteristics of release have been determined (9 -11) . Further, intracellular Ca 2ϩ dependence, vesicle pools involved in NE release, and many of the proteins mediating and modulating vesicular fusion have been characterized (12, 13) . Although neuroendocrine cells and central NEergic neurons are likely to share many mechanistic features of their transmitter release apparatus, the obvious dissimilarities in morphology, compartmentalization, and vesicle populations between the two cell types strongly suggest profound differences in the molecular composition of exocytotic machinery, vesicular matrix, and intracellular signaling pathways (reviewed in ref. 14) .
To address the questions surrounding NE release in the brain, we have employed amperometry based on carbon fiber microelectrodes (CFEs) to record quantal release events from genetically targeted NEergic green fluorescent protein (EGFP)-expressing neurons in organotypic brain slice culture (15) (16) (17) . Carbon fiber amperometry provides a quantitative measure of oxidiz-able transmitter per release quantum and has been increasingly used over the past 2 decades, for example to characterize release of NE release in chromaffin cells, in real time (18, 19) . This study establishes several key characteristics of NE release from central neurons in areas A1 and A2 and demonstrates that not only axonal varicosities but also somata can release quanta of NE.
MATERIALS AND METHODS

Preparation of cultures
Organotypic brainstem slice cultures were prepared as detailed previously (15) . Animals were treated according to British Home Office regulations. Briefly, Wistar rat pups (p8 -10) were terminally anesthetized with halothane. Brainstems were rapidly removed under sterile conditions and transferred into cold dissection saline [Ca 2ϩ -free Hanks' balanced salt solution (Invitrogen, Life Technologies, Carlsbad, CA, USA), containing 25.6 mM glucose, 10 mM MgCl 2 , 1 mM HEPES, 1 mM kynurenicacid, 0.005% phenol red, 100 U/ml penicillin, and 0.1 mg/ml streptomycin; 4°C, pH 7.4]. The brainstem block containing the A1 and A2 NEergic cell groups was mounted on a vibratome stage and cut into 250 m thick sections that were kept at 4°C for 1 h. Slices were plated onto organotypic culture membranes (Millipore, Billerica, MA, USA) in enriched Optimem-1 (Invitrogen, Life Technologies) media (15) . To fluorescently label NEergic neurons, slices were exposed at the time of plating to ϳ5ϫ10 8 transducing units/ml of an adenoviral vector expressing EGFP under control of the PRSx8 promoter (15, 16, 20, 21) . Slices were kept at interface in a humidified 5% CO 2 atmosphere at 37°C, fed with enriched Neurobasal media (Invitrogen, Life Technologies) twice a week, and used for amperometric recordings between 7 and 14 days after preparation (15) . For measurements, slices were excised from the culturing membrane and transferred to a recording chamber mounted on an inverted fluorescence microscope (Leica DMIRB). They were continuously superfused with carbogenated saline (ACSF in mM: NaCl 125, KCl 5, NaHCO 3 25, MgSO 4 1.25, KH 2 PO 4 1.25, glucose 10, CaCl 2 2.5, pH 7.4 with 5% CO 2 , and 95% O 2 ) at 33°C.
Electrodes and electrochemistry
To obtain stable recordings comprising well-separated exocytotic events in a superfused preparation, stiff CFEs were fabricated (Supplemental Fig. 1 ). Carbon fibers of 5-7 m diameter (from Goodfellow, Huntingdon, UK; or Amoco, Greenville, SC, USA, by courtesy of R. H. Chow, University of Southern California) were connected to copper wire using graphite conductive adhesive 112 (EMS, Hatfield, PA, USA). These were inserted and fixed in thin-wall glass capillaries (A-M Systems, Carlsborg, WA, USA) that were pulled on a microelectrode puller (PP-830 Narashige, Japan) to surround the fiber with a glass sleeve of ϳ30 -50 m diameter. To insulate the carbon fiber shaft, the gap between fiber and sleeve was filled with silicon elastomer (Sylgard 184, WPI, Aston, UK) that was cured at 125°C for 48 h. The selectivity of CFEs for detecting a range of oxidizable transmitters-NE, adrenaline, dopamine, ascorbic acid (AA)-and the lack of electroactivity of acetylcholine, reserpine, and amitriptyline were confirmed. Responses to NE as well as spike activity in cultures were tested by amperometry at a range of driving voltages (Supplemental Fig. 1D, E) . CFEs were capable of recording spike activity from individual NEergic release sites in organotypic cultures for up to 2 h without measurable change in spike kinetics. Prior to each recording, CFEs were freshly cut to expose a discoid or short cylindrical carbon surface, and tested by slow cyclic voltammetry (100mV/sec) in ferricyanide solution (1 mM in 0.5M KCl, pH 3; ref. 22) . Only cuts displaying smooth, overlaying reduction curves were used for experiments (Supplemental Fig. 1 ; refs. 22, 23) . Maximal reduction currents determined in ferricyanide varied between cuts, depending on the total exposed surface area, but did not correlate with any mean event properties (see below), suggesting that the exposed carbon surface was not a limiting factor to successful oxidation of total transmitter quantity released during single vesicle exocytosis. The CFE was then positioned in the recording chamber using a micromanipulator (Burleigh PCS-5200, Scientifica, Uckfield, UK), charged to a driving voltage of 800 mV and, under visual control, placed carefully onto a green fluorescent varicosity or soma on the culture surface ( Fig. 1A, B; Supplemental Fig.  1C) . Because of the possibility of invisible diffusion barriers (fine processes of glial or other non-NEergic cells covering NEergic target structures) or local tissue damage caused by the CFE, any recordings lacking amperometric events, or displaying prominent decrease in spike frequencies over the first 10 min of recording, were discarded.
Acquisition and analysis of amperometric data
A commercial amplifier (VA-10, npi electronic instruments, Tamm, Germany) driven through a 1401Micro interface by Spike2 software (CED, Cambridge, UK) was used for data acquisition. Recordings were routed through a 50/60Hz noise eliminator (Humbug, Quest Scientific, Digitimer, Welwyn Garden City, UK), filtered at 3 kHz with a 3-pole Bessel low-pass filter, sampled at 3.5 kHz (unless indicated otherwise) and stored for off-line analysis. To detect peaks, and data rising and falling through a threshold level, a semiautomated event recognition routine was developed in script language, using the waveform data analysis algorithms provided by Spike2. The time of beginning, peak, end, halfmaximal rise and half-maximal fall of each event was determined and, under individual visual inspection, confirmed or, if necessary, corrected (see Supplemental Fig. 2 ). Each amperometric spike was characterized by its charge (Q in pC) derived from the integral, the peak amplitude (I max in picoAmpere), and width at half-height (t 1/2 in msec) (24) . The sd of noise was determined at 0.3-0.4 pA, allowing detection of events with an I max from 2-2.5 pA (corresponding to ϳ5-10 pC). Low frequency fluctuations lacking a clear peak and decay phase may reflect NE released at more distant sites and were disregarded. Only events comprising single peaks were included in distribution histograms while events composed of multiple peaks were considered when overall frequencies were determined. Excel (Microsoft) and Prism (Graphpad) were used for downstream data processing. Histograms were compiled and median values were determined for I max , t 1/2 , and the cube root of Q (Q 1/3 ). Where appropriate, median values were summarized as averages Ϯ se within groups, and compared between release sites using Student's unpaired two-tailed t test (24) . An estimate of the mean number of molecules oxidized was derived from the average median charge by Equation 1. Equation 1 is based on Faraday's Law, whereby Q is the charge (in Coulomb), n the number of electrons involved in the oxidative process (2 for NE), and A and F are Avogadro's number and the Faraday constant, respectively (10, 18) .
A putative vesicle diameter was assigned to Q using Equa-tion 2 whereby variables and constants were as in Equation 1 and the intravesicular NE concentration C (in mol/l) was assumed to be similar to other NEergic cells (10) .
Data from 34 recordings at individual release sites comprising ϳ2300 single events are presented in this study. These include 20 control recordings (5 each of: A2 varicosities, A2 somata, A1 varicosities, A1 somata), 6 varicosities from reserpine-pretreated cultures (A1 and A2), 3 amitriptyline-pretreated varicosities, and 5 varicosity recordings with tetrodotoxin (TTX). As no differences between the release characteristics from A2 (dorsal) and A1 (ventral) neurons were found, the data were pooled.
Drugs and reagents
Unless stated otherwise, chemicals and drugs were obtained from Sigma or BDH (VWR International Ltd., Lutterworth, UK), dissolved in water as concentrated stocks, and diluted to the required concentrations immediately before use. TTX (Tocris, Bristol, UK) was diluted in ACSF to 1 M and applied with the superfusion solution. Reserpine was solved in DMSO or 2 M acetic acid to 10 mM, diluted in culturing media to 10 M, sterile filtered, and added to cultures at a 500 nM final concentration. Amitriptyline (10 mM in water) was sterile filtered and added to cultures at 10 M final concentration. Reserpine and amitriptyline were not added to the bath solution during recording.
RESULTS
Characteristics of NEergic amperometric spikes
Amperometric oxidation spikes were registered at axonal varicosities as well as at cell bodies of EGFPexpressing NEergic neurons of A1 and A2 cell groups ( Fig. 1A-D) . The frequency of amperometric events was 0.091 Ϯ 0.02 Hz when averaged over all control recordings (nϭ20). However, spike frequencies varied widely between individual release sites and fluctuated over time during recordings (Fig. 1E ). For example, at individual sites averaged over a given 5 min period (5-10 min from the initiation of the recording), they ranged from 0.005 to 12.5 Hz. There was a clear trend toward higher release frequencies at axonal as compared to soma release sites (Fig. 1C, D 
, F).
Amperometric events typically had smooth rising and decay phases and covered a wide range of sizes ( Fig. 2A,  B) . At most release sites (15 out of 20 control experiments), more complex spike signals comprising multiple peaks and occasional bursts of spikes were registered (Fig. 2C, D) . Complex events amounted to ϳ8% of total events registered at soma and varicosity sites. Based on the average event frequencies in these recordings, in most cases complex events could not be explained by a random overlap of independent single release events (24) . As complex events did not allow unequivocal resolution of single spike properties, they were excluded from the analysis of quantal release characteristics presented in this study.
Quantal sizes and kinetics of NE release events
The amount of oxidizable transmitter reaching the electrode following an exocytotic event is related to the registered Q, which was derived from the spike integral. Histograms of the amperometric charges were strongly skewed to the right, consistent with data reported for other monoaminergic release systems (18, 24, 25) . ) to accommodate for catecholamine storage within spherical vesicles revealed two major populations of quanta ( Fig.  2E and Fig. 3 ). At single release sites, the predominant population of events was well described by a Gaussian distribution (Fig. 3A) . The average median amperometric charge of this population was 0.04 Ϯ 0.003 pC and the median I max 8.5 Ϯ 0.4 pA (nϭ20 release sites). These values were not significantly different between soma and axonal release sites (nϭ10 each; Fig. 3B, C) . Arrow is pointing to a putative short-duration foot signal in the largest event in B. Falling phases of these events were better described as 2 phase than 1 phase exponential decay. C-D) Complex events were occasionally observed but excluded from further data analysis. C) A multipeaked event occurring in a recording during a background frequency of 0.5 Hz. D) A very large event is preceded by a putative foot (arrow) comprising a lower amplitude signal with several peaks and an atypical decay phase. E) Cube roots of amperometric charges (Q 1/3 ) are thought to be proportional to vesicle diameters. Histograms, pooled for soma (dotted columns) and varicosity (white columns) recordings (nϭ10 each) and normalized for recording time, reveal a distribution peak at ϳ0.04 pC for both release sites, and reflect lower release frequencies measured at NEergic somata. Note that events in lowest bins (left of dotted line) may be compromised by recording noise but that the distribution declines clearly above that threshold. In addition to the predominant population of events, larger quanta which make a Ͼ30% contribution to total NE release are found mainly at varicosities. in typical recordings from a soma and a varicosity. The majority of events ("main population") was well described by a Gaussian distribution. Large events, clearly to right of main population, were registered in many recordings.
B-D)
The main population of events was indistinguishable between soma and varicosity recordings in terms of their median Q 1/3 (B), I max (C), and t 1/2 (D). E) For main event population, rise times (event beginning -event peak) correlated with t 1/2 in varicosities (white squares; r 2 ϭ0.52; nϭ10 sites) and somata (black triangles; r 2 ϭ0.46; nϭ10 sites). This correlation reflects uniformity in event shape, consistent with the full vesicle fusion mode of NE release.
This (Fig. 3D) (Fig. 2) , indicating that prolonged fusion pore opening is not a preferred mechanism of release from the bulk of central NEergic vesicles.
The second population consisted of much larger release events with charges far to the right of the main population (QϾ0.5 pC; Figs. 2B, E and 3A). The Q 1/3 values of these events were not normally distributed but spread broadly across the range (0.5-5.7 pC). They had an average charge of 1.45 pC, an average I max of 146 pA (range 18 -748 pA), and a t 1/2 of 5.1 Ϯ 0.3 ms (nϭ24). Events of this kind were ϳ3 times more frequent at axonal release sites (18 events at 9 out of 10 sites) as opposed to somata (6 events at 4 out of 10 sites). Some of the largest events encountered in this spectrum (Ͼ1.7 pC) were not included in the evaluation because they were part of complex events and therefore insufficiently well separated from preceding or following signals. Of these, at least eight were identified at axonal and only one at a somatic release site. Several of the large events were preceded by foot-like signals (arrows in Fig. 2B, D) .
The total amperometric charge integrated over a spike can be directly related to the number of oxidized transmitter molecules (see Materials and Methods, Equation 1; refs. 10, 18). Thus, the detected main vesicle population corresponds to an average release of 1.13 ϫ 10 5 -1.3 ϫ 10 5 molecules of oxidizable transmitter (derived from average Q Ϯ se; see Materials and Methods, Equation 1). In contrast, during one large event, on average 3.63 ϫ 10 6 to 5.4 ϫ 10 6 molecules were detected. Although large (Ͼ0.5 pC) events represented Ͻ2% of all simple spikes under normal conditions, because of their high charge, they contributed with Ͼ35% to the total release of NE from varicosities (Fig. 4) . On somata, their contribution amounted to only 25% (Fig. 4) .
Central dopaminergic release events were reported to have considerably faster kinetics (t 1/2 ϳ0.12-0.2 ms) than the NEergic events we recorded (23, 26 -28) . We therefore attempted to unmask any ultrashort spikes by increasing the sampling frequency to 10 kHz and removing any filtering but revealed no additional events (nϭ3, data not shown).
Action potential activity and release event frequency
To determine to what extent release events were triggered by spontaneous action potential activity in slice cultures, 1 M TTX was added to the superfusion solution. At this concentration TTX completely blocks action potential generation within less than two minutes in slice cultures kept under similar conditions (S. Wang and S. Kasparov, personal communication). After 1-3 min of exposure to TTX the number of release events at varicosities was markedly reduced (on average to ϳ30% of control) but they were not completely abolished (Fig. 5) . Despite the decrease in overall event frequency in TTX, the relative occurrence of big events (2.9%) and complex events (8%) was very similar to control. The effects of TTX were partially reversed after ϳ10 min of washing.
Effects of reserpine and amitriptyline on NEergic quantal size distribution
Pretreatment with the vesicular monoamine transporter inhibitor reserpine (500 nM for Ͼ24 h) significantly decreased the average event frequency at varicosities to 0.03 Ϯ 0.005 Hz (nϭ6; PϽ0.05; Fig. 6A ). When expressed as average charge per minute, this resulted in a decrease in total transmitter released by varicosities to ϳ50%. At the same time, reserpine slightly increased I max (to 10.6Ϯ1.4 pA; Fig. 6B ) and t 1/2 (to 3.3Ϯ0.46 ms; Fig. 6C ) which resulted in a higher median Q (0.052Ϯ0.003 pC; Fig. 6D; PϽ0.02 ). This may be explained by the preferential loss of events with lower charges (Ͻ0.4 pC 1/3 ; Fig. 6E ). Large events (Ͼ0.5 pC) were still evident in reserpinetreated varicosities, and their relative abundance and average NE content appeared unaffected (Fig. 6G) .
In contrast, amitriptyline pretreatment (10 M for 1 wk; nϭ3) did not affect average frequencies (Fig. 6A) and did not change significantly the median I max of the main population (Fig. 6B) . However, both median t 1/2 and Q were profoundly increased (PϽ0.02 and Ͻ0.01, respec- . Large events contribute a considerable proportion of total NE release. Events exceeding 0.5 pC (hatched columns on top) made up a small fraction of all registered simple events (2.3% for varicosities; 1.5% for somata) but represented a significant proportion of the total amperometric charge (35% at varicosities; 25% at somata). Thus, large events were more abundant and had higher charges in varicosities as compared to somata. tively; Fig. 6C-D, F) . This amounted to a 180% increase in average Q per minute compared to untreated varicosities. The frequency of large events as well as their quantal size slightly increased (both by 5%) so that their contribution totaled 44% of overall NE release (Fig. 6G) .
DISCUSSION
To our knowledge this study is the first to describe characteristics of quantal release of NE from central neurons. We found that exocytosis of NE in the brain . Effect of reserpine and amitriptyline pretreatment on quantal NA release from varicosities. A) Average release frequency was significantly reduced at varicosity release sites in reserpine-treated (r; nϭ6; PϽ0.05, Student's t test for samples with unequal variance; normality test passed in Prism) but not in amitriptyline-treated (a; nϭ3) slices as compared to control (c; nϭ10). B) Median event amplitudes were only slightly increased after reserpine and amitriptyline treatment, statistical significance was not reached. C) Events were significantly broadened by amitriptyline (PϽ0.02) but not by reserpine. D) Quantal size, as represented by median Q 1/3 , was significantly increased following reserpine (PϽ0.02) and profoundly increased following amitriptyline (PϽ0.01) treatment. E) Quantal distribution (Q 1/3 ) of events pooled from reserpine-treated varicosities (black columns; nϭ6) and normalized for recording time, in comparison to control (white columns; nϭ10). Reserpine decreased quantal release per unit time to 54% of control and particularly affected smaller quanta at the lower end of the spectrum, explaining the net increase in median quantal size (D). F) Quantal distribution (Q 1/3 ) of events pooled from amitriptyline-treated varicosities (hatched columns; nϭ3) and normalized for recording time, in comparison to control (white columns; nϭ10). Amitriptyline increased quantal release per unit time to 180% of control by increasing quantal sizes across the spectrum. G) For events exceeding 0.5 pC (ϳ0.8 pC 1/3 ; hatched column fractions on top) event frequencies and NE contribution were similar to control values in reserpine-treated slices (left columns; compare Fig. 4 ) but were increased to Ͼ5% of events contributing ϳ44% of total NE release in amitriptyline-treated varicosities (right hand columns). occurs in at least two disparate quantal size ranges, an abundant population of medium-sized quanta and infrequent large quanta, comparable in size with chromaffin granule exocytosis. The majority of release events are dissimilar to those found in both, bovine chromaffin cells and central dopaminergic neurons. They have kinetics consistent with the full fusion model of release. Further, NE is released from axonal varicosities as well as somata and the distribution of quantal sizes is different between the two compartments. Neuronal firing plays a role in driving NE release, but even in absence of action potential drive spontaneous release events are detectable, suggesting that release sites may autonomously regulate their activity.
The PRSx8 promoter that we use to drive EGFP expression, with few exceptions, operates specifically in NEergic and adrenergic neurons (20, 21) . EGFP expression in our slice cultures was restricted to the locations corresponding to A2 neurons in the nucleus of the solitary tract and the ventral A1 group (29) . EGFP-labeled varicose axons migrate throughout the cultures and preferentially along the slice edges (15; Fig. 1B ). Transcriptional activity of PRSx8 has also been found in some cholinergic cell groups (20) , but acetylcholine is not detected by amperometry. In contrast, AA is electroactive. It is involved in intravesicular NE synthesis and was reported to be costored in chromaffin cell granules at ϳ5% of the catecholamine concentration (30, 31) . This may be similar in some central NEergic cell groups (30) . Therefore, although the events registered in the present study evidently reflect quantal release of NE, we acknowledge that coreleased AA might have contributed to the amperometric signals.
The two brainstem NE-releasing cell groups investigated, A1 and A2, showed indistinguishable release characteristics and are therefore discussed together. To assume a uniform release mechanism for all central NEergic neurons may, however, be an oversimplification. Considering the multitude of functions and projection targets (reviewed in 32), NEergic neurons from different cell groups may well have different release characteristics that remain to be studied.
In this study, we analyzed spontaneously occurring vesicle fusion events in the brainstem slice culture. We know from whole-cell patch clamp experiments in this preparation that the majority of NEergic neurons fire spontaneous action potentials (Supplemental Fig. 3 ). For example, of 12 neurons (6 each of areas A1 and A2), 3 were quiescent, 4 produced single action potentials at varying intervals (average 3.6 Hz; range 0.7-11.5 Hz), and 5 fired in bursts of 0.01-1.1 Hz. Peak firing frequencies of 5-40 Hz were reached during bursts (A. G. Teschemacher and Z. Chiti, data not shown). Thus, the variability in amperometric event frequencies between different release sites and during recordings is overall consistent with action potential activity of NE neurons under our recording conditions. The prominent reduction of amperometric signals in TTX demonstrates the importance of propagating action potentials for control of central NE exocytosis but also suggests a role for action potential-independent release.
Central NEergic vesicle populations
EM studies of the mammalian brain revealed two predominant NE-containing vesicles types: A small clear (40 -60 nm in diameter) and a slightly larger dense core (80 -120 nm) variety (4 -6). To relate vesicle diameter to quantal size, the intravesicular NE concentration is required, which is, however, presently not known for central NEergic neurons (see Materials and Methods, Equation 2). For adrenal chromaffin large dense core granules, catecholamine concentrations ranging between 0.11 and 2.5 M have been derived from combined amperometry-capacitance or amperometry-morphometric measurements (9, 10, 18, 33, 34) . Taking the proposed NE contents of chromaffin granules as a point of reference, and assuming an intravesicular NE concentration of ϳ0.4 M, our main quantal population (ϳ1. bin toward the lower end of our main quantal population ( Fig. 2E ; see Materials and Methods, Equations 1, 2). Detection of events from vesicles Ͻ40 nm and/or containing Ͻ0.5 M NE would have been compromised due to signal-to-noise levels (see Materials and Methods). As intravesicular NE loading of vesicles is a dynamic process that depends on catecholamine uptake and metabolism, a broad concentration range would be expected within actively signaling tissue. We therefore propose that our main quantal population represents release from both, small clear and dense core vesicles, ranging between 40 and 120 nm in diameter with intravesicular NE concentrations between 0.4 and 1 M (Fig. 7) . In contrast, the large, predominantly axonal, release events are consistent with large vesicles of around 300 nm diameter containing ϳ0.5 M NE, which compares to chromaffin granule size and catecholamine load (9) . The large variability in their charges may reflect differences in NE content while their lower frequency may result from a limited pool size. In fact, recent EM studies have identified large dense core vesicles in the rodent brain and have implied that exocytosis should be a comparatively rare incident (35) . Alternatively, the large signals may originate from compound exocytosis where several vesicles combine prior to fusing with the plasma membrane (10) . Large events outside of the main population have also been reported for central dopamine release although they were noticeably smaller than the largest events registered here (23, 26) . Although attempts to amperometrically detect quantal NE release from sympathetic neurons in situ were unsuccessful in the past (36) , one study in dissociated cultured superior cervical ganglion neurons (37) has reported events with a quantal size in the same order of magnitude and a similar time course as compared to the main population in our report. Large events were not described.
As examples of peptidergic and serotonergic neurons show, presence of multiple types of secretory vesicles may have important implications for the downstream effects of released transmitter and cotransmitters (38, 39) . Exocytosis of different vesicle categories may also be differentially regulated (38, 39) .
Kinetics of central NE vesicle release -"foot signals" and time course
The t 1/2 of NEergic release spikes was remarkably similar between small (3.2 ms) and large events (5 ms). Although comparable in terms of the I max , the main population of NE currents had markedly slower kinetics than central dopamine release events (23, 26) and this was not due to filtering or sampling frequency differences. On the other hand, while in terms of quantal size, large release events in central NEergic neurons were comparable to chromaffin granule exocytosis, their time courses were notably faster (ϳ4 -20 times; refs. 9, 10, 33, 40 -43) . Our recordings were carried out at 33°C, while the majority of chromaffin cell studies were performed at ambient temperature. Higher temperatures slightly decrease spike half-widths in chromaffin cells (44) , but from our earlier recordings using commercially available CFEs we know that at ambient temperature NE release events are not markedly longer (t 1/2 ϳ5 ms; ref. 17) . Therefore, differences in the recording temperatures cannot account for the faster kinetics of quantal release in central NEergic neurons as compared to chromaffin cells, suggesting a fundamental difference in the molecular mechanisms of NE exocytosis. In bovine chromaffin cells, NE is complexed by the vesicular matrix that expands after fusion pore formation, leading to a postfusion delay in transmitter release (11, 41, 45, 46) . Shorter events in brain NEergic neurons would therefore be consistent with a lower intravesicular chromogranin A content as shown for NEergic vesicles in postganglionic sympathetic neurons (47) .
Foot signals are commonly observed in chromaffin cells where they are thought to result from transmitter diffusion through a fusion pore prior to full fusion. Transmitter release through transiently forming fusion pores also underlies the so-called "kiss-and-run" exocytosis in chromaffin cells (9, 33, 42, 48) . Foot-only events, like foot signals, in chromaffin cells vary in length depending on the duration of fusion pore openings (9, 33) . Recent evidence suggested that central dopaminergic vesicles can partially release their contents during fusion pore flickering, resulting in complex multipeaked amperometric events (27) . The lack of foot signals in our main event population indicates that full fusion is the key mechanism of transmitter release by small clear and dense core vesicles in central NEergic neurons. This population of events shows a fairly homogenous distribution of durations (Fig. 3A) and is, furthermore, compatible with morphometrically determined predominant vesicle types in the brain. Therefore, our evidence does not support the hypothesis that the main population of events are due to "kiss-and-run" release from largequantum vesicles.
In contrast, some of the large NE release events in our recordings have foot-like signals similar to chromaffin granule exocytosis. The largest spikes were often preceded by a volley of lower peaks or embedded in a complex event. Since complex events persisted in the presence of TTX, they are unlikely to represent multiple fusion events triggered by high frequency bursts of action potentials. An alternative explanation is that, like dopaminergic central vesicles and chromaffin granules, large vesicles may sequentially release their content during reversible pore openings (see Fig. 7 ).
Modulation of quantal sizes
The tricyclic antidepressant amitriptyline is a known inhibitor of central NE and serotonin reuptake. One of its acute effects, therefore, includes an increase in extracellular NE levels in the brain (49) . However, clinical effects of amitriptyline take several weeks to develop. Therefore, while the mechanisms underlying its antidepressant action or the range of adverse side effects are currently not well understood, they are thought to involve adaptional processes and synaptic plasticity (50) . We found a prominent increase in Figure 7 . Hypothesized distribution of NE-containing secretory vesicles, release sites, and modes of release in central neurons. Small clear (light centered) and dense core (dark centered) vesicles undergo exocytosis at soma and varicosities. Exocytosis of large vesicles with NE contents comparable to chromaffin cell granules results in high NE output, predominantly at axonal varicosities. These vesicles produce large unitary events or, alternatively, may undergo sequential partial release in a flickering-fusion-pore fashion.
quantal size, which was mainly due to a prolonged t 1/2 . This is consistent with a higher NE content within vesicles which, in turn, could call for an adaptation in intravesicular NE storage matrix to accommodate for the higher intravesicular NE concentrations. Intravesicular matrix is thought to underlie delayed release of catecholamine from fused chromaffin granules (45, 51) . In support of a delayed release mechanism, we found that median rising and falling phases of events were lengthened to Ͼ150 and 250%, respectively, by amitriptyline. Further, while NE contents of single large events after amitriptyline were only slightly increased over control values, they were increased in frequency, in line with relative abundance of releasable NE, and also showed slowed kinetics. In our experiments, cultures were pretreated with amitriptyline but recorded while being superfused with normal bath solution. Nevertheless, residual amitriptyline might have not been completely washed out from the tissue before recording. Therefore, protracted presence of NE in the extracellular space due to an inhibited reuptake mechanism may have contributed to the longer t 1/2.
In contrast to amitriptyline, reserpine interferes with vesicular NE storage and affects mood negatively (49, 50) . Reserpine has been shown to reduce quantal size and suppress release in adrenal chromaffin cells, the PC12 cell line, and central dopaminergic neurons (26, 52, 53) . In our experiments, reserpine profoundly affected the main population of release events and predominantly depleted the smallest quanta. Could reserpine-resistant events be explained by continued release of an oxidizable cotransmitter from NE-depleted vesicles? Whereas AA is known to be coreleased with NE from chromaffin cells, the intravesicular AA concentration was estimated at more than an order of magnitude lower than for catecholamines (31) . Therefore, one would rather expect reserpine to decrease the average quantal size but not the total event frequency, making this explanation implausible. On the other hand, it has long since been known that, while reserpine severely decreases brain NE, it does not completely deplete it (54) . Hence it is more likely that distinct types of NEergic vesicles in neurons differ in their sensitivity to reserpine. Differential expression of vesicular monoamine transporter isoforms on different vesicle populations in central catecholaminergic neurons may underlie such an effect (4, 5, 55) . Therefore, a possible explanation for the action of reserpine in our experiments is the preferential depletion of NE from small vesicles.
NE release from different neuronal compartments
We demonstrate for the first time that NEergic neurons from areas A1 and A2 release transmitter not only from soma-remote axons but also from their cell bodies (Fig.  7) . While axonal varicosities were the conventionally accepted sites of release, NE as well as its synthesizing enzyme, dopamine-␤-hydroxylase are present throughout NEergic neurons (32) . Over the recent years, somato-dendritic release has been described for a range of central transmitters, including dopamine and neuropeptides (23, 28, 56, 57) . Quantal release of dopamine from cell bodies of substantia nigra neurons was unequivocally demonstrated using a similar singlecell amperometric approach (23) . Regarding NE, several previous lines of evidence pointed to the existence of regulated NE release from somato-dendritic compartments. For example, NE fluctuations were electrochemically detected in areas of high density of NEergic cell bodies (58) . Further, EM data suggested the existence of dendro-dendritic synapses in the locus coeruleus (7) . The fact that large events described in this study are much more frequent at axonal release sites may indicate that somato-dendritic and axonal release could be differentially regulated. This could have important physiological implications because NE released from the somato-dendritic compartment is likely to be primarily involved in autocrine negative feedback.
In conclusion, central NE release shows unique characteristics that set it apart from other catecholaminesecreting cells in brain and periphery. Further studies will clarify the mechanisms controlling NE release probability at the level of individual release sites and establish whether these are different between axonal varicosities and neuronal somata.
